The worldwide outbreak of the severe acute respiratory syndrome (SARS) in 2003 was due to the transmission of SARS coronavirus (SARS-CoV). The main protease (M pro )
INTRODUCTION
SARS coronavirus (SARS-CoV) is the etiological agent of the high fatality transmissible disease severe acute respiratory syndrome (SARS) outbreak in 2003 (Chan et al., 2003; Kuiken et al., 2003; Leng and Bentwich, 2003) . After infection, two overlapping polyproteins pp1a (486 kDa) and pp1ab (790 kDa) encoded by the SARS-CoV genome are first produced, which are later proteolytically processed into 16 non-structural proteins (nsp1-16) required for viral replication and transcription (Snijder et al., 2003) . Two virus-encoded proteinases are involved in this proteolytic process, a papainlike proteinase (nsp3) and a 3C-like proteinase (nsp5) (Snijder et al., 2003) . The 3C-like proteinase, also known as the main protease (M pro ), is first auto-cleaved from polyproteins to yield the mature enzyme and further cleaves all 11 downstream non-structural proteins. Therefore, M pro is an essential viral protein for the viral life cycle, and becomes an attractive target for anti-SARS drug development (Anand et al., 2003; Yang et al., 2003; Yang et al., 2005) . The recombinant M pro expressed from E. coli exists in an equilibrium between monomer and dimer (Hsu et al., 2005b; Graziano et al., 2006a Graziano et al., , 2006b , and only the dimeric form is enzymatically active for cleaving the Gln-Ser peptide bond of substrates (Fan et al., 2004; Chen et al., 2005; Shi and Song, 2006; Chen et al., 2008a; Lin et al., 2008; Shi et al., 2008; Hu et al., 2009) . Therefore, the dimer interface was also suggested to be a potential target for the inhibitor design (Anand et al., 2003; Shi et al., 2004; Hsu et al., 2005b; , and the activation mechanism of M pro has drawn a lot of research attention in order to understand the maturation process of viral polyproteins and the self-maturation mechanism of M pro from viral polyproteins.
In this review, we will summarize the related work on the activation and maturation of M pro .
STRUCTURE OF M pro ACTIVE DIMER
The first crystal structure of the SARS-CoV main protease (M pro ) with a bound substrate analogue inhibitor was reported in 2003 (Yang et al., 2003) . Thereafter, several structures of M pro have been published (Hsu et al., 2005a; Hsu et al., 2005b; Tan et al., 2005; Xu et al., 2005) . X-ray crystal structures revealed that M pro forms a homo dimer, and each protomer contains three domains (Fig. 1 ). Domains I (residues 8-101) and II (residues 102-184) together, also called the N-terminal domain, adopt a fold similar to trypsinlike serine proteases with two anti-parallel β-barrels. Domain III (residues 201-303), also named the C-terminal domain or the extra domain, contains five α-helices and is connected to the N-terminal domain through a long loop (residues 185-200). The active site of M pro is located at the N-terminal domain in a cleft between domains I and II, and it has a CysHis catalytic dyad (Cys145 and His41) (Yang et al., 2003) instead of the Ser-His-Asp catalytic triad in common serine proteases. The N-terminal residues 1-7 (N-finger) of each protomer are squeezed in between two protomers and make contacts with both the N-terminal and C-terminal domains of the other protomer, and these contacts should be important for the dimerization (Yang et al., 2003) . In addition, there are also inter-molecular interactions between the first helices of the two protomers. In the first crystal structure of M pro , the two protomers have distinct differences in the substrate-binding sites (Yang et al., 2003) . Protomer A resembles a catalytically competent conformation, while the substrate binding pocket collapses in protomer B. The M pro protein used for this structure determination has five extra residues (GPLGS) at the Nterminus (GPLGS-M pro ). It was later found that the additional residues to the N-terminus have a negative effect on the enzyme activity (Chou et al., 2004; Chen et al., 2005; Hsu et al., 2005b; Xue et al., 2007) , suggesting that the exact Nterminus is important for defining the active site conformation. The crystal structures of M pro with "authentic" N-and C-termini (WT-M pro ) were later reported (Xue et al., 2007) , and the two protomers in this dimer structure are related by a 2-fold crystallographic symmetry axis, and each has a catalytically competent conformation.
The substrate binding subsite S1 pocket of M pro confers absolute specificity for the Gln-P1 substrate residue on the enzyme (Ziebuhr et al., 2000) , and consists of the side-chains of His163, Phe140 and the main chains of Glu166, Asn142, Gly143 and His172. It lies immediately next to the catalytic dyad (Cys145 and His41). In the structure of WT-M pro (Xue et al., 2007) , the NH þ 3 of Ser1 in one protomer forms a salt bridge with the carboxylate group of Glu166 and donates a hydrogen bond to the main-chain carbonyl group of Phe140 of the other protomer, thus stabilizing the S1 subsite and contributing to the dimerization. In the presence of additional residues at the N-terminus, NH group of Ser1 was unable to form the salt bridge, which induces a series of conformational changes and results in the collapse of the S1 pocket in protomer B of GPLGS-M pro (Yang et al., 2003) .
The monomer-dimer equilibrium dissociation constant (K d ) of M pro has been determined by different methods, such as gel filtration chromatography, enzymatic kinetics assay, isothermal titration calorimetry, and analytical ultracentrifugation. However, there is a great discrepancy between K d values reported by different groups (Chou et al., 2004; Fan et al., 2004; Kuo et al., 2004; Chen et al., 2005; Hsu et al., 2005a Hsu et al., , 2005b Chen et al., 2006; Graziano et al., 2006b; Shi and Song, 2006; Wei et al., 2006; Grum-Tokars et al., 2008 (Grum-Tokars et al., 2008) . They found that M pro with extra residues to the Nor C-termini has a higher K d value, and the equilibrium is shifted towards the monomer. However, this still cannot explain the reported extremely low K d of 0.35 nmol/L (Hsu et al., 2005b) .
N-FINGER IN M pro DIMERIZATION
The N-terminal domain of M pro adopts a typical chymotrypsin fold, like that of the picornavirus 3C proteases . However, unlike 3C proteases, the M pro is only enzymatically active as a homodimer (Fan et al., 2004) and the extra C-terminal α-helical domain is required for its activity (Shi et al., 2004; Shi and Song, 2006) . Therefore, the dimerization mechanism of M pro has been extensively studied.
As mentioned above, the N-finger of each protomer is squeezed between the two protomers and makes intermolecular contacts, similar to that of the TGEV M pro (Anand et al., 2003) . In the crystal structure of WT-M pro (Xue et al., 2007) , the NH þ 3 group of Ser1 forms a salt bridge with Glu166 of the other protomer, and also forms a hydrogen bond with carbonyl of Phe140 of the other protomer. Arg4 forms an intermolecular salt bridge with Glu290. Ala7 and Val125 form two intermolecular hydrogen bonds. In addition, backbone NH of Ser10 may form a hydrogen bond with the hydroxyl still maintains 76% of enzyme activity and is still mainly a dimer after the removal of the N-terminal 3 amino acid residues (Hsu et al., 2005b) . However, the removal of Nterminal 4-7 residues resulted in loss of enzyme activity and significantly reduced dimerization ability. They also found that deletion of the last C-terminal helix has a great effect on the dimerization and enzyme activity. As a result, it was concluded that both the C-and the N-terminal regions influence the dimerization and enzyme activity of M pro (Chou et al., 2004; Hsu et al., 2005b) . In another study, Wei et al. reported that the N-finger deletion mutant of M pro could not form any dimer, and the N-terminal octapeptide can act as an inhibitor of M pro dimerization .
Meanwhile, Shi et al. have reported that the N-terminal domain alone of M
pro is a monomer, while the C-terminal domain alone exists as a stable dimer (Shi et al., 2004) . Thus, it was proposed that the C-terminal domain plays a role of switching the enzyme from an inactive monomer to an active dimer (Shi et al., 2004; Shi and Song, 2006) . However, this is not consistent with the crystal structures of M pro , as the contact area between the two C-terminal domains in the dimer is rather small and appears to be the consequence of dimerization rather than the cause (Yang et al., 2003; Xue et al., 2007) .
These controversial issues were clarified in a later study. Zhong et al. re-investigated the dimerization of M pro , and reported that the C-terminal domain alone of M pro (M pro -C) exists in both stable monomeric and stable dimeric forms (Zhong et al., 2008) . No conversion was found between the two forms. The stable M pro -C dimer was later demonstrated to be a 3D domain-swapped dimer (Zhong et al., 2009) . It was also found that the N-finger deletion mutant of M pro can also form a stable dimer through 3D domain swapping of the Cterminal domains, in addition to be a monomer. Therefore, it was concluded that N-finger is not only critical for the dimerization of M pro , but also essential for it to form the right quaternary structure which is the enzymatically active form (Zhong et al., 2008) .
STRUCTURE OF M pro MONOMERIC MUTANTS
Extensive mutagenesis studies have been carried out to probe key residues that have a great impact on the dimerization of M pro (Chou et al., 2004; Barrila et al., 2006; Shi and Song, 2006; Wei et al., 2006; Chang et al., 2007; Chen et al., 2008b; Lin et al., 2008) . Although some of the studies were complicated by the use of N-terminal tag for the expressed M pro , most of the results indicated that mutations that significantly reduce dimerization K d are mainly found for residues at the dimer interface, such as Arg4, Met6, Gly11, Ser139, Glu290, Arg298A, and Gln299 (Fig. 2) . The crystal structures of three monomeric M pro mutants G11A (Chen et al., 2008a (Chen et al., , 2008b , S139A (Hu et al., 2009) , and R298A (Shi et al., 2008) have been solved, and they are quite similar to each other. Both N-terminal and C-terminal domains of all three monomeric structures still adopt the same overall fold as those in the WT-M pro structure, respectively.
However, the inter-domain arrangement of the monomeric mutants has changed dramatically, characterized by an~40°r otation between the N-terminal domain and the C-terminal domain, compared to the dimeric WT-M pro . Another noticeable change is the displacement of the N-finger. In WT-M pro , Ala7 and Phe8 are positioned near Ser113 of the same protomer, and NH of Phe8 forms a hydrogen bond with the hydroxyl group of Ser113. In the monomeric structures, Ala7 and Phe8 are located close to Val125, and NH of Phe8 forms a hydrogen bond with the carbonyl of Val125 in two of the structures. Also, side-chain of Lys5 is moved closer to Tyr126 and Phe160 and makes hydrophobic interaction in the monomeric mutants. In addition, the conformation of the linker loop between N-and C-terminal domains is also changed.
Examining the active site region of monomeric structures (Fig. 3) , detailed structural variations are observed, especially for the loops constituting the catalytic machinery. The conformation of the loop consisting of residues 138-144 is significantly altered, and nearby the β hairpin of residues 111-129 also has large structural dislocation. In the monomeric mutants, a short 3 10 -helix is formed by residues 139-141, which adopt a loop conformation in the WT-M pro structure. The aromatic ring stacking for Phe140 and His163 is critical for stabilizing the substrate-binding pocket of the active M pro dimer. While in the monomeric structure, the ring of Phe140 no longer interacts with that of His163, but is stacking with the ring of Tyr126 instead, leading to the significant conformation twist of residues 142-145 and the collapse of substrate binding pocket. The structures of monomeric mutants of M pro provide a reasonable explanation for why dimerization is absolutely essential for catalysis (Chen et al., 2008a; Shi et al., 2008; Hu et al., 2009 ). In the WT-M pro dimer structure, the loop residues Gly138, Ser139, Phe140, and Leu141, as well as residues Val 125 and Tyr126 of the β hairpin, all make direct contact with the other protomer (Fig. 3) . Therefore, the dimerization is required for these residues to adopt the proper conformations, which further define the right conformation of the active site.
3D DOMAIN SWAPPING OF M pro
The C-terminal domain alone (M pro -C) produced in E. coli has two forms, a stable monomeric form and a stable dimeric form due to 3D domain swapping (Zhong et al., 2008) . The solution structure of the M pro -C monomer is almost identical to that of the C-terminal domain in the crystal structure of full length M pro , suggesting that the deletion of N-terminal domain does not change the fold of the C-terminal domain. Crystal structure of the M pro -C dimer structure revealed that the first helices of the two molecules exchange their positions, and each is enwrapped by four other helices from the other molecule (Zhong et al., 2009) . Each folding subunit of M pro -C domain-swapped dimer still has the same general architecture as that of the monomer. The two folding subunits of the M pro -C dimer are linked by two hinge loops consisting of residues 216-226, which is the loop following the first helix in the M pro -C monomer. This elucidates the structure basis for the exceeding stability of the M pro -C dimer and the lack of exchange between the monomer and dimer. Also, the structure of M pro -C dimer indicates that it is unlikely that the dimerization of the C-terminal domain plays a role in switching the enzyme from the inactive monomeric form to the active dimeric form, as it has been suggested (Shi et al., 2004; Hu et al., 2009 ). Surprisingly, the 3D domain swapping of the M pro -C can serve as a mechanism to enable the enzyme to be locked in the active conformation and to be constantly active. It was found that a mutant M pro (M pro -NE) with a 26-residue Nterminal fusion peptide including an enterokinase cleavage site right in front of the N-terminus also exists as a stable monomeric form and a stable dimeric form . NMR study revealed that the M pro -NE dimer is also formed through 3D domain swapping of their C-terminal domains. When the N-terminal extension peptide of M pro -NE dimer is completely removed to produce the exact mature M pro through enterokinase digestion, a stable octamer is automatically assembled. The M pro octamer is also enzymatically active, and its activity is comparable to that of the previously well-studied form of mature M pro that is in equilibrium between an inactive monomer and an active dimer, at a protein concentration of 16.9 μg/mL. However, when the total protein concentration is reduced to 0.68 μg/mL, the relative activity of the M pro octamer is over 10 times higher.
Crystal structure revealed that the M pro octamer is composed of four domain-swapped dimer subunits, and each is formed by two M pro protomers with the last four helices (residues 227-306) of each C-terminal domain swapped (Fig. 4) . The two C-terminal domains within one dimer subunit adopt the same fold as the 3D domain-swapped dimer of M pro -C. In each dimer subunit, the remaining domain consists of the N-terminal domain of one protomer and the first helix of its C-terminal domain, together with the four swapped helices (swapped domain) from the other protomer, adopting an architecture just like a molecule in the structure of M pro active dimer. Thus, the dimer subunit can also be viewed as two monomer-like structural units connected by two hinge loops. Two monomer-like structural units from different dimer subunits can pack into an active structural unit through the same interactions as those in the M pro active dimer, enabling the formation of four active structural units with totally eight active sites. However, these interactions occur among four different protomers for each active structural unit in the M pro octamer, and each active unit is connected to two other active units by hinge loops. All these features stabilize the octamer structure and enable the active conformation to be locked. This unique structure perfectly explains why the relative enzyme activity of the M pro octamer is much higher at low concentration. As the M pro active dimer is in equilibrium with the inactive monomer, the active dimer fraction will be greatly reduced as the protein concentration goes down, while the M pro active octamer is stable and constantly active. It was speculated that M pro active octamer may play an important role in polyprotein maturation at an early stage of SARS-CoV infection when concentrations of pp1a, pp1b, and mature M pro are extremely low, if it does exist in the initial period of SARSCoV infection .
POLYPROTEIN MATURATION MECHANISM
SARS-CoV M pro is initially produced as the Nsp5 domain of the viral polyproteins pp1a and pp1ab before they are proteolytically processed into a total of 15 or 16 non-structural proteins. M pro is first self-matured from polyproteins through auto-cleavage, and becomes a mature M pro to further process other non-structural proteins out of pp1a and pp1ab. As most studies were focused on the mature M pro , the auto-cleavage process is less well understood even though it is the first essential step for the viral polyprotein maturation.
Lin et al. first developed a Vero cell-based assay to demonstrate the auto-cleavage activity of M pro ). Shan et al. have introduced a 31-mer peptide with an auto-cleavage site to the N-terminus of M pro and found the peptide could be auto-cleaved efficiently when expressing in E. coli (Shan et al., 2004) . Interestingly, they reported that the C145S mutant of M pro still showed a weak auto-cleavage activity, while the trans-cleavage activity was undetectable. This may suggest that there could be different mechanisms for M pro to perform auto-cleavage and trans-cleavage.
Hsu et al. expressed C145A mutants of M pro with a 10-residue extension in native polyprotein sequences to the Nterminus and C-terminus respectively, and found both mutants show significantly increased dimerization K d compared to the mature M pro (Hsu et al., 2005a) . They also performed proteolysis assay using an N-terminal Trx-tagged and C-terminal GST-tagged C145A mutant with 10-residue extensions to both N-and C-termini of M pro as substrate, and found that the mature M pro cleaved the N-terminal site more efficiently than the C-terminal site. From the crystal structure of C145A mutant, they found that the active site of one protomer in the C145A dimer binds the C-terminal six amino acids of another molecule from a nearby asymmetric unit, which may mimic the product-bound form in the autocleavage process. They proposed that M pro in polyproteins may still form some active dimer and thus process another molecule, as the K d (0.35 nmol/L) they determined from AUC analysis for mature M pro is a few order of magnitude smaller than those from other studies (10 −6 to 10 −5 mol/L) (Chou et al., 2004; Fan et al., 2004; Kuo et al., 2004; Chen et al., 2005; Hsu et al., 2005a; Hsu et al., 2005b; Chen et al., 2006; Shi and Song, 2006; Wei et al., 2006) . In 2010, two groups reported that the dimerization of the mature M pro is enhanced by substrates. Cheng et al. reported that the initial velocity curves of R298A and R298L monomeric mutants show a cooperative effect (Cheng et al., 2010 . They (Chen et al., 2010) . In vitro proteolysis assay revealed that M pro mutant E290R still possesses obvious enzymatic activity towards the inactive GST tagged M pro mutant C145A/E290R with an N-terminal M pro cleavage site, but not for the effector domain of influenza A virus non-structural protein 1 with the same N-terminal cleavage site, while WT-M pro can cleave both. These are consistent with the previously mentioned observation by Shan et al. (Shan et al., 2004) , suggesting that the active dimer conformation of M pro is unnecessary for the N-terminal auto-cleavage of M pro since the E290R mutant is unable to form dimer. It was thus proposed that the N-terminal autocleavage might only need two "immature" M pro in monomeric polyproteins to form an "intermediate" dimer that is not related to the active dimer of the mature M pro (Chen et al., 2010) .
SUMMARY
The main protease of SARS-CoV is a very interesting protein to study. It has three quaternary structure forms: an inactive monomer in equilibrium with an active dimer, and a stably active octamer. The dimerization of M pro and thus its enzyme activity are very sensitive to extra residues to the N-or Ctermini, and can be enhanced in the presence of substrate. The folding of its C-terminal domain is regulated by the Nfinger. However, the more we know about M pro from in vitro studies, the more questions we need to answer about its behavior in vivo. Can M pro in polyprotein form the active dimer, or the 3D domain-swapped dimer? How exactly is it matured from the polyprotein? Is the auto-cleavage mechanism really different from that of trans-cleavage? Does the octamer exist in vivo? Is the self-association under regulation by other environmental factors, such as the lipid membrane, as it was suggested that M pro in the polyprotein is flanked by transmembrane domains (Nsp4 and Nsp6) anchored to the double-membrane vesicles in the SARS-CoV infected cells (Knoops et al., 2008) . It has been pointed out that "perhaps the most important insight made over the past several years is that coronaviruses have and will likely continue to cross species and cause disease in unrelated hosts." (Perlman and Netland, 2009 ) The transmission may still result in severe disease as the SARS epidemic in the future. As an important drug target, more future studies are required to answer those questions for the main protease of SARS-CoV.
